Observations were made in a tidal current off Red Wharf Bay, Anglesey, North Wales. The frictional stress at the bottom, Fb, was determined from the velocity profile within the first z m above the bottom and found to be related to the velocity at I m by a quadratic law, Fb = kpUl2, where K has the value 3-5 x 10-3. The corresponding value of the roughness length xo is 0-16cm. Current meter measurements at a number of depths between surface and bottom were made at half-hourly intervals, enabling the acceleration terms in the equations of motion to be determined. From the bottom stress and the acceleration terms, the shearing stress in the water was computed as a function of depth and as a function of time during the tidal period. While at the times of maximum current the shearing stress increased approximately linearly from surface to bottom, as in the case of steady flow in a channel, at other times the acceleration terms caused the stress to deviate considerably from a linear variation. Estimates of the vertical eddy viscosity, N,, indicated that its value was somewhat higher at middepth than nearer the surface or bottom. N , varied during the tidal period, tending to reach maximum values when the current was at a maximum and to be larger during the flood than during the ebb. The numerical values of N , were of the order of 270cm2/s during the flood and 130cm2/s during the ebb, corresponding to depth-mean currents of 35 cm/s and 39cmls respectively. The depth of water averaged 22 m. The observed distributions of velocity and shearing stress are compared with those obtained from a theoretical model, in which the eddy viscosity is taken as constant above a friction layer near the bottom.
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The distribution of shearing stresses in a tidal current region near enough to the bed for the variation of the stress with height to be inconsiderable (less than 10 per cent, say, of its value at the bed).
In the general case of the flow varying with time and when the effects of the Earth's rotation have to be taken into account, as in the case of tidal currents, no direct inference can be drawn about the distribution of shearing stress with depth. The influence of bottom friction on tidal currents has been the subject of a number of investigations; some, following Taylor (1918) and Jeffreys (1920), based on the dissipation of energy over a large area of sea bed and others on detailed observations in a small area. In an investigation by the latter method (Bowden & Fairbairn 1952) , the observations were treated by harmonic analysis and some indication found that, assuming the presence of a harmonic constituent of shearing stress corresponding to that of the velocity, the amplitude of the stress increased linearly with depth. This implies a certain degree of similarity between the stress distribution in steady flow and in a tidal current, but it does not show how the stress varies in the course of a tidal cycle. Since the bottom stress varies non-linearly with velocity and the turbulence in the interior of the liquid may also be expected to have a non-linear variation, it seemed desirable to make observations which would disclose the variation of the shearing stresses within a tidal cycle.
The method of Bowden & Fairbairn (1952) involved measuring the surface gradients by pressure gauges laid on the sea bed, and the accuracy attainable was such that significant results could be obtained only by the harmonic analysis of observations extending over a 24-hour period.
The aim of the present investigation was to measure the vertical distribution of current throughout the tidal cycle with sufficient accuracy to enable the acceleration terms in the equations of motion to be computed, and at the same time to estimate the bottom friction independently. From these data the shearing stress may be determined as a function of depth at various times during the tidal period.
Theory
Let rectangular co-ordinates x, y , z be taken, with the origin 0 in the mean level of the free surface and Oz vertically upwards. Let t denote time, u, z, the components of velocity in the x,y directions, 5 the elevation o f the free surface, p the density of the water, g the acceleration due to gravity, o the angular speed of the Earth's rotation and C $ the latitude. Let FZz, F,, be the components of the frictional force per unit area by which the water above a horizontal plane at depth z acts on the water below that plane. It is assumed that the shearing stresses acting on vertical planes are negligibly small. Let it be assumed that the direct effect of the tide-generating force and the vertical components of velocity and acceleration may be neglected, and that conditions are sufficiently uniform in the horizontal directions for terms such as uau/ax to be neglected.
If it is assumed, also, that the density of the water is uniform, then the equations of motion for an element of water at any point may be written where f = 2 o sin 4. 
for the values of A , and A , at a time t hours, the increment At being taken from t-+ to t + i hours. At each station, bottom samples established that the sea bed consisted of firm sand with some shingle. Water samples, taken by insulating water bottle, showed that there was no appreciable variation in temperature or salinity from surface to bottom. Observations of bottom friction and turbulent flow had been made previously in the same area (Bowden & Fairbairn 1952 , 1956 ).
Observations
The measurements of the water velocity from 4 m below the surface to ~m above the bottom were made with a Doodson electrically recording current meter. This instrument, which has been described by Doodson (1940) , was modified by the substitution of a continuously recording milliammeter with a paper speed of I in/min for the original direct-reading galvanometer or photographic recorder. The friction of the pen on the recording paper tended to smooth out some of the more rapid current fluctuations and so rendered the instrument unsuitable for the measurement of short-period turbulence. However, where the mean currents over a rather longer period were required, as in the present investigation, it was more convenient. A clockwork timing mechanism was also fitted to give an automatic changeover from direction to speed measurement and enabled a 5 s record of direction and a 25 s record of speed to be made every 30s.
The direction readings are estimated to be correct to about 5' and except for low speeds (< 12 cm/s), where frictional effects in the mechanical system of the meter caused some uncertainty, the speed readings are regarded as correct to about & I cm/s.
In addition, the mean water velocity in the 2 m immediately above the sea bed was measured at five fixed distances from the bottom. The instrument used for this purpose was developed by Charnock (1959) and consisted of five sets of cupwheels mounted on a steel tube of approximate length 2.2 m. The tube itself was rigidly attached to a tripod base, which was specially designed to give firm seating on the sea bed. Each cup-wheel consisted of a Tufnol housing containing monel metal races and phosphor bronze balls, and was fitted with three equally spaced aluminium anemometer cups. Two small magnets were fixed diametrically opposite to one another on the sides of the rotating part of the housing, and, in the course of their motion, operated a magnetic switch set immediately below the cupwheel. The switches were each connected to a GPO type counter situated aboard ship; thus the rate of counting gave a measure of the water velocity. Counts were continued over a period of 5min and, in the absence of any obstruction to the rotation of the wheels, it is estimated that mean velocities were obtained to -+ I cm/s. Some trouble was experienced during the course of the experiments due to floating weed and jelly-fish, but it was possible to detect and discard spurious readings because of their significant difference from those given by other instruments.
Analysis of velocity profiles
The Doodson meter records of the speed and direction of the current were made at intervals of 4 m from 4 m below the surface downwards, the lowest record being taken at I m above the bottom. Each record lasted for 3 min and a record at each depth was obtained every + hour.
The readings of the records were converted into velocity in cm/s and direction in degrees relative to magnetic north, from the calibration of the meter. For each station the predominant direction of the current was estimated and this direction
The distribution of shearing stresses in a tidal current taken as defining the x-axis, positive in the sense of the flood current, for that station. The individual current readings were then expressed in u and v components, which were plotted against time for each depth and smooth curves were drawn through the points. From these curves the smoothed values of u and v were read off and plotted against depth for each $-hourly interval of time relative to high water (HW) . From the resulting depth-profiles of u and v, the values at standard values of z/h, i.e. -z/h = 0.25, 0.5, 0.75 and 0.95, were read off and comprised the data for computing the accelerations.
Measurements of mean velocity were made with the cup-wheel device over a 5 min period every 30 min. The wheels were situated at distances of 0.3, 0.6, I -0, 1-5 and z'om from the seabed. Prior to use in the sea, the instruments had been calibrated in a water channel, thus it was possible to convert the counter readings directly into cm/s. Graphs of mean current against time were drawn for each height above the seabed. Spurious values of current, due to instrumental faults, were detected very easily by comparison of the curves and were omitted in the subsequent evaluation of bottom stress.
Determination of bottom stress
form and could be represented by
It was assumed that the velocity profile near the sea bottom was logarithmic in
In the above formula, U z is the mean velocity at distance x from the bottom, KO is von Karman's constant with value 0.4, Fb is the bottom stress, p is the density of the water and zo is the roughness length. The groups of simultaneous values of velocity at different levels which contained no obviously spurious measurements were now fitted to the logarithmic formula, using the method of least squares. Values of Fb were then deduced and graphs drawn showing the variation of bottom stress with time. An example of these graphs is shown in Figure I . Some of the calculated values of stress cause the curve to exhibit marked divergences from the relatively smooth curve which might be anticipated with a tidal current. In some measure, this was certainly due to errors in the determination of the mean currents, since small errors in U these values were capable of producing considerable errors in stress because of the logarithmic relation. It is believed, however, that turbulent fluctuations of current involving periods of the order of I min or more were partly responsible and further investigation of the effect is in progress.
'The tripod stand could not be used when the ship was swinging about its anchor and thus there were gaps in most of the stress variation curves, There were additional intervals due to deficiencies in some of the current data. In order to fulfil the major purpose of the investigation it was essential to employ a method which would enable estimates of stress to be made throughout the tidal period. The mean current graphs at ~m from the bottom were more complete than those for stress and it was possible to fill most of the gaps by interpolation. In terms of the mean current U1, at I m from the bottom, the frictional force Fb was assumed to be of the form Fb = kpVl2, where k was a constant. Estimates of k were obtained from all cases where simultaneous values of the current at I m and the stress, as determined from the velocity profile, were available, and the mean value was found to be 3-5 x 10-3. This value of k was then used to find Fb for every satisfactory value of Ul in the series of measurements. The value of 3-5 x 10-3 for k is in agreement with that found by the previous method (Bowden & Fairbairn 1952) in the same area. In that case a value k' = I .8 x 10-3 was derived, but k' was defined as relating the amplitude of a harmonic constituent of the stress to that of the mean current 0. In order to convert k' to k as defined above, i.e. referring the instantaneous stress to the current at I m, it is necessary to multiply by the factor (3"/8) . (i7/U$. Since UI/U was found to be 0.77, this factor is 2.0 and k' = I -8 x 10-3 corresponds to k = 3.6 x 10-3. A lower value, k = 2-4 x 10-3 was found by equating the stress at the bottom to the Reynolds stress determined directly from the turbulent velocity fluctuations at 75 cm (Bowden & Fairbairn 1956 ). Subsequent measurements have shown, however, that the mean currents were overestimated in those observations, and the corrected values of k range from 2 -5 to 4.4 x 10-3, with a mean of 3-5 x 10-3, but the exact agreement is fortuitous.
The roughness length was also found in each velocity profile and the mean value of o.16cm is in agreement with those obtained in similar conditions by Lesser (1951) and Charnock (1959).
Application of the dynamical equations
In applying the theory of Section z to the observed data at a particular station, the bottom stress at +hourly intervals was computed from the equation Fb = kpU12. U1 was taken as the speed of the current recorded by the cup current meter at I m above the bottom and k as 3.5 x 10-3, the value obtained from the logarithmic profile data discussed in Section 5 . The direction of the bottom stress was taken to be directly opposed to that of the current at approximately I m, as The distribution of shearing stresses in a tidal current 295 higher wind speeds, up to 15 kt (about 7 m/s), occurred, but as no instrumental measurements of W were made it was thought preferable not to attempt to make a correction for the wind stress effects. As seen from equation (13), the effect of F, on the internal shearing stress decreases with increasing depth below the surface.
The depth-means of the current components, zi and -6, were computed for each +-hourly set of readings and the values of u-zi and v--6 obtained for the standard values of zjh. The acceleration terms A , and A , were then computed, using equations (x8) and (19). In general both the time-variation and the geostrophic terms made significant contributions to A , and A , , although for the larger values of A , the term At(u -zi) was predominant. The values of F,, and F,, were then computed for -x / h = 0'375, 0.625 and 0.875, from equations (14) and (15).
The values of G , and G, were also computed, from equations (7) and (8), but are not discussed here as they are not relevant to the shearing stresses.
Errors in the stress determinations
If U is the resultant current at any depth, making an angle 8 with the Ox direction, then u = Ucos8, v = Usin8. For the current observations it is estimated that the standard errors of measurement, making some allowance for the smoothing process, are 6U = I cm/s, 68 = 5'. Since Ox is chosen to be in the dominant direction of the current, 0 is small during most of the tidal cycle. Taking Thus the errors in pXA,Ax and pZA,Ax will be greatest at -x / h = 0.375 and 0.625. From the above figures it is estimated that the standard value of these errors are 06dynlcm2 in pXA,Az and 1-3 dyn/cm2 in pZA,Az.
The errors in the absolute values of F,, and F z y depend also on the errors in the estimate of the components of bottom stress, Fb, and Fb,, and in assuming the surface stress components, Fs, and Fsy to be negligible, Fb is taken to be given by the equation Fb = kpUl2, with k = 3-5 x 10-3, and the only error in Fb is 296 assumed to be that arising from the error in U1. Then 
Results of the stress determinations
The results show that, although near maximum flood and maximum ebb currents the acceleration terms are small and the P,, profile is nearly linear from surface to bottom, at other stages of the tidal cycle these terms have a considerable effect. The shape of the curve F,, against x/h depends on whether the current is increasing or decreasing in magnitude and the curves show a systematic sequence
The distribution of shearing stresses in is tidal current 297 during the tidal cycle. When the current is increasing the curve is concave upwards, the stress at intermediate depths being less than that corresponding to a linear variation. When the current is decreasing, the effect is reversed, the stress at intermediate depths being greater. Figures 2 and 3 , referring to observations at station z on July 19, show a set of curves, at half-hourly intervals during a tidal period, of the current components u, TI and the stress FZx, computed as described above. Observations extending over a tidal period at station z were also obtained on July 17 and 23 and the results showed a similar sequence of curves for FZx. At times on these two days, however, the wind stress had an appreciable effect on the velocity profile near the sur- Less complete results were derived for station I on July 16 and station 3 on July 22. The values of F,, as a function of z/h at station I for a period of approximately 6 hours are shown in Figure 5 . The amplitude of the current at 4m on this occasion was 50 cm/s and the maximum bottom stress was 4.8 dynlcrn2. Ordinate : Fzz(dyn/cm2); abscissa: hours relative to HW. Table I has been included to give a measure of the degree of non-linearity in the stress profile and of the consistency of the data on the three days at station 2, and at stations I and 3 compared with station 2. The figures in the table give the amount by which F,, at -z/h = 0.625 exceeds the stress corresponding to a linear profile. Taking into account the standard errors estimated in Section 7, the results shown in the table may be considered reasonably consistent.
Estimates of the eddy viscosity
Assuming that the stress at any depth at a given instant may be related to the corresponding velocity gradient by equation (16)) the data enable N,, the coefficient of eddy viscosity in the vertical direction, to be determined, using equation Table I Deviation from linear stress projile, at -z/h = 0.625 Table 2 Values of eddy viscosity, N, (cm2/s) Hours before HW HW Hours after HW The distribution of shearing stresses in a tidal current 30' (17). Because of the large errors in au/az in addition to the errors in FZ5, the uncertainty in such estimates of N , is bound to be large. Table 2 contains estimates of N,, computed for station 2 on the three days of observations. Only cases where lFzzl 3 ~d y n / c m and lAzul 2 3cm/s for an increment of 6 m in Az have been included. Even so, the estimated error in individual values of N , is f 50 per cent.
At first sight the values of N z show no systematic variation with depth or time. However, by taking an average for each half-hour relative to HW from the data for the three days and then taking means (a) at the three values of z/h irrespective of time, and (b) for each half-hour relative to HW irrespective of depth, the following indications are found. (u) The eddy viscosity, N,, tends to be higher near mid-depth (at -z/h = 0.625) than either nearer the surface or nearer the bottom. (b) N , tends to reach maxima about 3 hours before and 3 hours after HW, when the current is greatest. No reliable estimates of N z are available at times close to H W , when the currents and stresses are small. There is also a tendency for higher values of N , to occur during the flood than during the ebb, possibly associated with the higher velocities which occur during the flood. Taking the mean of all values of N,, irrespective of depth, for times from 4 to 2 hours before HW (inclusive), one obtains 273cm2/s, while the similar mean for times from 2 to 4 hours after HW is 132cm2/s. The corresponding mean values of rl are 44-7 and 39*4crn/s, and of h are 22.0 and 22-5 m.
Comparison with a theoretical model
The method of analysis used in the foregoing paragraphs has involved no special assumptions about the nature of the turbulent flow. However, the comparatively small variation of N , over a considerable part of the depth, shown by Table 2 , combined with the approximately logarithmic form of the velocity profile nearer the bottom, indicated by the data discussed in Section 5 , suggests that a simple theoretical model may provide an approximate representation of the flow. This model would consist of (a) a friction layer near the bottom, with a thickness of the order of one-tenth of the depth of water, in which the logarithmic velocity profile applies and N z increases approximately linearly with height above the bottom, and (b) the remainder of the water, in which N , is independent of depth. Similar models have been postulated by various authors in dealing with oceanographic and meteorological problems and the one proposed appears also to be consistent with the present state of knowledge of turbulent flow in channels on the laboratory scale (Townsend 1956, p. 202) .
A theoretical solution for the tidal current under similar conditions was given by Sverdrup (1926) who, however, assumed the eddy viscosity to be constant down to the bottom and the velocity to be zero there. Street (1917) had treated a problem which was formally the same, although he was considering only the molecular viscosity. Fjeldstad (1929 Fjeldstad ( , 1936 obtained solutions with an eddy viscosity increasing with height above the bottom, but the bottom velocity was again taken to be zero.
In the present treatment the motion in the upper part of the flow only is considered, but allowance is made for the presence of the friction layer by imposing an approximate boundary condition at the upper limit of this layer. A harmonic constituent of the tidal current is considered and N z is taken as independent of time. The basic equations for this problem are given in the Appendix, with the solution for the case of flow near a straight coast, derived using an approximate form of the boundary condition. A numerical solution is obtained by taking values of the physical parameters corresponding to conditions in Red Wharf Bay.
The current component v, perpendicular to the coast, is shown to be small while the variation of u with z is similar to that found in the Red Wharf Bay area from the harmonic analysis of a number of observations (Bowden & Fairbairn 1952) . Thus 161/Iusl = 0.896 compared with 0.87 from observations and ~ubj/lusl = 0.675 compared with 0.67, taking ub as the measured velocity at ~r n above the bottom. The phase of ub is 3 O earlier than that of us.
For the shearing stress Fzz, Table 3 shows that the theoretical amplitude increases with depth more slowly than a linear variation near the surface and more rapidly near the bottom. The phase becomes earlier with increasing depth to a considerably greater extent than does the phase of u. Thus at -z/h = 0.2 the phase is 1 9 O later than at the upper limit of the friction layer. Computed curves of F,, against -z/h for successive times, given in Figure 6 , show a marked resemblance to the curves derived from observations in Figures 2, 3 and 5.
It appears therefore that, in spite of its obvious limitations, the simple model suggested may be a useful basis of calculation in problems of this nature. In the special case of flow near a straight coast parallel to Ox, this may be The distribution of shearing stresses in a tidal current simplified to the approximate condition where Uo is the amplitude of the current in the absence of friction. k' is less than k by the factor 8/3v and by an approximate estimate of the expected ratio of the amplitude of l(Ub2+Db2)'( to UO.
Using ( 
Numerical solution
Numerical values which represent approximately the conditions in Red Wharf Bay will be taken. -yz) the values of R , and y z are as given in Table 3 . Table 3 Relative amplitude and phase of shearing stress (theoretical) In Figure 6 curves are given for Fzz/(Fbx)max against -z / h , computed for values of at from -90° to +90°, corresponding to the time interval from 3 lunar hours before to 3 lunar hours after the occurrence of maximum shearing stress near the bottom.
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